Spike-field coherence (SFC) is widely used to assess cortico-cortical interactions during 5 sensorimotor behavioral tasks by measuring the consistency of the relative phases 6 between the spike train of a neuron and the concurrent local field potentials (LFPs). 7
Introduction
7 acquisition systems, BlackRock Microsystems, Salt Lake City, UT). This was followed by 116 digital band-pass filtering for spikes (0.25-7.5 kHz) and for . LFPs were 117 then resampled at 1 kHz. Spike waveforms were stored and sorted offline using Offline 118 Sorter (Plexon, Dallas, TX). Only single units (i.e., well-separated clusters and waveforms 119 based on at least three feature spaces in 2D) were included in all the analysis. Spikes that 120 violated the minimum interspike interval (1.7 ms) were removed. Data from array 121 channels with no signal or with large amounts of 60 Hz line noise were excluded. 122 Data analysis. Datasets used in this study were the same ones used previously (n=10, five 123 datasets, D1-D5, from each monkey) (Arce-McShane et al. 2016) . Briefly, we used a long-124 term learning paradigm wherein the subjects were exposed to the same behavioral task 125 over days until they achieved a success rate >75% consistently for 3 days. For each 126 dataset, we estimated the SFC between MIo spikes and SIo LFPs (MSf) and also between 127
SIo spikes and MIo LFPs (SMf). LFP recordings during the analyzed behavioral window (-1 128
s to 0.5 s relative to force onset) were not contaminated by muscle activity from the 129 temporalis muscles since there were no rhythmic jaw movements, such as those observed 130 during licking or chewing. Furthermore, it has been shown that jaw-closing muscles such 131 as the temporalis muscle are not active during this task in the monkey (Moustafa et al. 132 1994) . Moreover, spectral power was modulated differently across frequency bands (see 133
Figs. S9-S10 in Arce-McShane et al, 2016) , suggesting that we were recording LFP 134 oscillatory activity rather than muscle activity from the temporalis muscle. SFC was 135 analyzed using the multitapers method of the Chronux Toolbox (Mitra and Pesaran 1999; 136 Bokil et al. 2006) . Coherence, C xy , is a frequency-domain representation of the cross-137 correlation between two signals, i.e. the raw (unsmoothed) spike trains of neuron x and 138 the LFPs of channel y. It is calculated as the cross-spectrum, S xy , normalized by the 139 geometric mean of their autospectra, S xx , S yy , respectively, C xy = S xy √ S xx S yy , where C xy is 140 a complex number whose modulus corresponds to the amplitude of coherence (0-1) and 141 the argument as the relative phase difference between the two signals. We used a 0.5-s 142 sliding window with 0.01-s steps and applied a time-bandwidth product, TW=3, and 143 orthogonal Slepian tapers, K=5, to the first 100 trials of the same task conditions. We 144 have shown previously that the results of the theta SFC were comparable to coherence 145 estimates using a 1-s window (see Supplementary Figure S3 in ref. 15) . Here, we limit 146 most analyses to the theta band (2-6 Hz) wherein larger and stronger sensorimotor 147 networks were exhibited compared to other frequency bands (Arce-McShane et al. 2016) . 148
To determine the statistical significance of the modulation of theta frequency coherence, 149
we calculated the coherence between paired signals by shuffling the trials (1000 150 subsequent analyses were performed on each dataset, unless specified otherwise. To 161 evaluate linear dependence of SFC on mean firing rates, we performed a linear regression 162 on the coherence magnitudes of many MIo neurons and a single LFP from one electrode 163 in the SIo array (MSf) versus the mean firing rates of these MIo neurons using data 164 obtained from the first 100 trials from a single recording session. We performed the same 165 analysis for many SIo neurons and a single MIo LFP (SMf) versus the mean firing rates of 166 these SIo neurons of the same dataset. These analyses were performed for each dataset 167 (i.e. recording session) separately (Table 1 ). An F-test was performed to assess the 168 significance of the regression slope at p<0.01 and at an adjusted p value after a Bonferroni 169 correction for multiple tests. To verify that the results were not limited to inter-areal SFCs, 170
we analyzed intra-areal SFC, i.e., between MIo neurons and MIo LFPs (MMf), and between 171 SIo neurons and SIo LFPs (MMf). To verify that the results were not limited to inter-areal 172 SFCs in the theta band, we analyzed inter-areal SFCs in other frequency bands, i.e., alpha 173 (6-13 Hz), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . 174
Using all successful behavioral trials in each dataset (Table 2) , we also computed the SFC 175 of each paired signal by categorizing behavioral trials based on firing rates, LFP power, or 176 tongue-protrusive force and computing coherence for each grouping. Mean firing rates 177 of a neuron during -0.3 to 0.2 s relative to force onset were sorted in ascending order 178 prior to dividing the total number of trials into 10 groupings to yield firing rate categories 179 of increasing magnitude. We then performed a linear regression of the coherence 180 estimated from each grouping against the mean firing rate of that grouping. The same 181 procedure was done for trial categories based on LFP power and force. We performed 182 this analysis per dataset for each paired signal in MSf, SMf, MMf, and SSf (Table 2 ). The 183 error of the estimates of the SFC for a smaller number of trials was not a concern here 184 because each category had equal number of trials. More importantly, the dependence on 185 rate relates to the fundamental aspect of the SFC measure. All other analyses were 186 performed using built-in and user-defined functions in Matlab (Mathworks, Inc.). 187
Results

188
Consistent with previous studies, neurons in MIo and SIo modulated their firing rates (Fig.  189   1b) as the monkeys generated a tongue-protrusive force at the level of the cued target 190 position (Murray and Sessle 1992; Lin and Sessle 1994; Arce-McShane et al. 2014 , 2016 . 191
Likewise, LFPs in the theta frequency range (2-6 Hz) in MIo and SIo exhibited modulation 192 of spectral power relative to the onset of the tongue-protrusive force (Fig. 1c) . Spike-field 193 coherence in both MSf and SMf was prominent in the theta band and was task-194 modulated, i.e. exhibiting increases and decreases relative to force onset. Figure 1d  195 illustrates an example of MSf coherence between the spiking activity of a MIo neuron and 196 an LFP signal recorded from a single electrode in SIo. A similar pattern of coherent activity 197 was found between the spiking activity of a SIo neuron and an LFP signal recorded from a 198 single electrode in MIo (Fig. 1d, SMf Arce- McShane et al, 2016) , coherence exhibited modulation in other frequency ranges (6-200 13 Hz, 15-30 Hz, and 30-50 Hz) with peak coherence occurring at different times from -201 1.5 s to 1 s relative to force onset (i.e. time-evolved coherence was estimated using a 0.5-202 s sliding window with 0.01-s steps), indicating that the coherence was not simply 203 reflecting an evoked potential and a spiking response to the onset of force. The mean 204 theta coherence across the population of paired signals in MSf and in SMf showed an 205 increase in coherence at ±0.2 s around force onset, albeit at different peak levels (Fig. 1e) . 206
We have reported previously that the theta coherence in MSf was significantly higher 207 than the mean theta coherence in SMf (Arce-McShane et al. 2016) . Examination of the 208 mean firing rates at the time of peak coherence revealed that the firing rates of the 209 population of MIo neurons were significantly higher than the firing rates of the population 210 of SIo neurons in monkey Y (Empirical cumulative distribution function, p<0.05) but not 211 in monkey B (Fig. 1f) . Thus, the question arises whether the differences in SFC were a 212 consequence of differences in firing rates between the two cortical areas, particularly in 213 monkey Y. This question was the focus of the next phase of the analysis, as outlined 214
below. 215
Relationship between firing rates of many different neurons and their SFC with the LFP 216 signal from one electrode. To address the dependence of SFC on firing rates, we first 217 examined whether SFC varied linearly with the mean firing rates of MIo and SIo neurons. 218
To do this, we performed a linear regression of the firing rates of many single-units 219 recorded on one microelectrode array on their coherence with the LFP signal recorded 220 from a single channel on the other microelectrode array. This was done for each dataset 221 separately. We used the mean firing rates and SFC values of the behavioral period 222 corresponding to -0.3 to 0.2 s relative to force onset, during which we had observed a 223 substantial difference between MSf and SMf. Figure 2a illustrates the result from an 224 example of a regression test done in MSf; there were no significant linear (nor monotonic) 225 relationship between the mean firing rates of many MIo neurons against their coherence 226 with one LFP channel in SIo (p>0.10, F-Test on regression slope). Likewise for SMf of the 227 same dataset, we found no significant linear relationship between the mean firing rates 228 of SIo neurons and their coherence with one LFP channel in MIo (Fig. 2a, p>0 of SFC at -1.0 s to -0.5 s prior to force onset, when firing rates were relatively sustained 243 and there were no large fluctuations in firing rates due to movement onset nor due to 244 differences in tongue-protrusive force. Thus, the vast majority of the estimated SFC, per 245 dataset, did not exhibit a significant linear (nor monotonic) relationship with firing rates. 246
We further probed whether a linear relationship existed when using intra-areal SFCs, i.e. 247 between MIo neurons and its LFPs (MMf) and between SIo neurons and its LFPs (SSf). 248
Across all 10 datasets analyzed separately, 99.1% (±0.7% SEM) of the LFP channels in MIo 249 (MMf) and 98.5% (±0.6% SEM) in SIo (SSf) did not show any significant linear (nor 250 monotonic) dependence of SFC on the mean firing rates (Fig. 2a, MMf and SSf, p>0.01, Test on regression slope prior to correction for multiple comparisons). Thus, the lack of 252 linear dependence of SFC on firing rates was observed for coherences within and across 253 cortical areas. Because spiking could be tied to LFPs by different mechanisms in different 254
frequency bands, we also tested the linear relations in the alpha (6-13 Hz), beta (15-30 255 Hz), and gamma (30-50 Hz) frequency bands to show that the lack of linear dependence 256 of SFC on rates was not a specific feature of theta oscillations. We found similar results 257 across all other frequencies; the majority of the LFP channels did not show any significant 258 linear (nor monotonic) dependence of SFC on the mean firing rates (Table 3, 
p>0.01, F-259
Test on regression slope prior to correction for multiple comparisons). Thus, the lack of 260 linear dependence of SFC on firing rates was observed across all frequency bands tested 261
here. 262
Ratio between maximal firing rate and the firing rate at peak coherence deviated from 263 unity. If there was a simple, monotonically increasing relationship between mean firing 264 rates and SFC, one would also expect the maximal firing rate to occur at peak coherence. 265
Our results did not bear this prediction out. in SIo and almost all datasets in MIo in both monkeys. This suggests that other factors 272 (e.g. behavioral contexts, cognitive load, or attention) may contribute to enhancing 273 cortico-cortical interactions without driving the neuron to fire maximally. Consistent with 274 our findings, the largest cortico-muscular coherence has been observed in monkeys 275 during periods of steady holding of hand position when spiking activity was low and not 276 during periods when spiking activity was high (Baker et al. 1997) . 277
Relationship between firing rates of one neuron and its SFC based on trials with similar 278 firing rates. It is possible that the heterogeneity of the neurons that we examined 279 obscured the monotonic relation between firing rates and SFC; for example, neurons 280 exhibit different firing patterns or intrinsic timescales of fluctuations in their spiking 281 activity (Shinomoto et al. 2003; Witham and Baker 2007; Murray et al. 2014; Mochizuki 282 et al. 2016) . To test this, we computed the SFC for trials in which the neuron had similar 283 firing rates. All successful trials during a single recording session were sorted according to 284 the mean firing rate calculated at -0.3 to 0.2 s relative to force onset. The sorted trials 285 were then divided into 10 groups of equal trial number. This method controlled for 286 neuronal heterogeneity since coherence was estimated for the same neuron across trial 287 groupings with varying mean firing rates. Across all 10 datasets analyzed separately, 288 94.9% (±1.2% SEM) of the paired signals in MSf did not show significant linear 289 relationships between coherence and mean firing rate (Fig. 4a, p>0 .01, F-Test on 290 regression slope). Nevertheless, our analysis did reveal a minority of pairs that showed 291 significant positive linear relationships (p<0.01, 4-11% in monkey Y and 1-5% in monkey 292
. Surprisingly, a few pairs exhibited a significant negative linear relationship between 293 coherence and mean firing rate (p<0.01, 1% in both monkeys). Figure 4b shows 294 representative scatter plots of the MSf coherence calculated for 10 levels of firing rates 295 of MIo neurons that showed a non-significant linear relation, significant positive, or 296 significant negative linear relation. Similar results were found in SMf for both monkeys 297 MSf (97.1±0.3% SEM) and SMf (97.5 ±0.3% SEM) did not show significant linear (nor 307 monotonic) relations between coherence and mean LFP power (Fig. 5a-top row, 5b,  308 p>0.01, F-Test on regression slope). We found similar results for intra-areal SFC (Fig. 5a-309 bottom row, MMf: 96.8±0.5% SEM; SSf: 97.6±0.2% SEM). Of the few paired signals that 310 showed significant linear relations, most exhibited decreasing SFC with increase in LFP 311 power ( Fig. 5a-b) . Similar results have been found in EEG recordings in humans; cortico-312 muscular coherence measured during precision grip was only slightly reduced when EEG 313 power was doubled upon administration of diazepam (Baker and Baker 2003) . 314
Relationship between force and SFC. Lastly, we evaluated whether SFC's relation to spike 315 rate may depend on the behavior of the subject. We thus estimated SFC using trials 316 categorized according to the level of tongue-protrusive force generated by the monkey. Relation between multiplying factor and rate categories. According to the theoretical 325 analysis of Lepage et al. (2011) , the theoretical intensity field coherence is a rate-326 independent measure of the probability that a neuron spikes at a specific phase of the 327 LFP oscillation. It relates to SFC as follows:
2 , where 328 ( ) is the SFC calculated at -0.3 to 0.2 s relative to force onset, ( ) is the intensity 329 field coherence, and the components of the multiplying factor are : the mean rate, 330 ( ): the spectrum of the rate λ t , and H(f): the parameter influenced by the history-331 dependent spiking (which we set to 0). From the equation, with increasing spiking activity, 332 ( ) tends to 0 and SFC equals the intensity field coherence. To test how the SFC relates 333 with the intensity field coherence using empirical data, we estimated the multiplying 334 factor for each rate category and tested its linear dependence on rate. We did not observe 335 this linear dependence in most cases: in MSf, the value of the multiplying factor (~1.5) did 336 not change linearly with increasing rates of MIo neurons for most paired signals (Fig. 6a) ; 337 only 8-16% of the paired signals exhibited a significant positive linear relation and 3-5% 338 exhibited a significant negative linear relation with the different rate categories (p<0.01, 339 F-Test on regression slope). Similarly in SMf, the value of the multiplying factor (~1.5) did 340 not change linearly with increasing rates of SIo neurons for most paired signals; however, 341
we found a higher percentage of negative linear relationships between the multiplying 342 factor and the rate categories (16-32%) and a lower percentage of positive linear 343 relationships (2-6%) compared to MSf (Fig. 6b) . The difference in the proportion of 344 negative relationships can be observed in the mean multiplying factor exhibiting a 345 positive trend in MSf with increasing rate category, but a negative trend in SMf (Fig. 7a-346 b). The mean percentage difference between the mean multiplying factors for the lowest 347 and highest firing rates across all datasets is 2.6% (±0.8% SEM) for MSf and -1.7% (±0.6% 348 SEM) for SMf ( Fig. 7a-b spikes/s in SMf (Fig. 8) . These results do not support a monotonic increase in SFC with 359 firing rates and suggest that our spiking data may not fit a weak-sense stationary, discrete-360 time point process model. 361
Discussion 362
The concern that estimates of SFC depend on the mean firing rates of single neurons 363 with their model simulations relating a decrease in coherence with the square root of the 386 mean firing rate and a linear increase in coherence with the modulation depth, thus 387 supporting the proposition of Lepage et al (2011) . In our study, we evaluated the 388 dependencies between inter-areal SFC and neuronal firing rates of many single neurons 389 in MIo and SIo measured experimentally. The results depicted in Figure 1 of Lepage et al. 390 (2011) suggest that the dependence of SFC on firing rate can be approximated as linear 391 in the limited range of coherence magnitudes that we have observed experimentally (0.04 392 to 0.4). Here, we showed that the vast majority of the estimated inter-areal and intra-393 areal SFC, per dataset, did not exhibit a significant linear (nor monotonic) relationship 394 with firing rates. We have shown this both when comparing across multiple neurons with 395 varying firing rates (see Fig. 2 ) as well as when comparing a single neuron's firing rates 396 across similar behavioral trials (see Fig. 4 ). Both analyses yielded results that indicated 397 complex dependencies of SFC on the neurons' firing rates that were not captured by a 398 linear model. Such complexity may be attributed to factors such as variations in rate and 399 variability due to the randomness of spiking, non-Poissonian history effects, cellular or 400 increasing firing rate (see Fig. 6 ). We found this negative relationship between firing rates 407 and SFC to be more prominent in SIo and may reflect an inhibitory mechanism to silence 408 irrelevant stimuli. A similar negative relationship has been reported in the macaque V1 409 when selective attention induced an increase in multi-unit spiking but a decrease in the 410 gamma SFC (Chalk et al. 2010) . 411
Behavioral events can also induce changes in firing rates without a concomitant effect on 412 gamma synchronization in the visual cortex (Jia et al. 2013; Fries 2015) . Here, we showed 413 that most relations between SFC and tongue-protrusive force were not monotonic (see 414 In conclusion, the theoretical dependence of SFC on firing rates was not exhibited by our 423 experimental data, suggesting that the theoretical dependence only holds under some 424 assumptions and/or under some conditions. One possible reason is that our actual 425 experimental data do not fit the weak-sense stationary, discrete-time point process 426 model used by Lepage et al (2011) to describe this dependence. Indeed, the Fano factors 427 of MIo and SIo neurons in our data were above 1 (see Fig. 10 
